Developmentally important proteins that are crucial for fertilization and embryogenesis are synthesized through highly regulated translation of maternal mRNA. The Zygote arrest proteins, Zar1 and Zar2, are crucial for embryogenesis and have been implicated in binding mRNA and repressing mRNA translation. To investigate Zar1 and Zar2, the full-length proteins had been fused to glutathione-S-transferase (GST) or MS2 protein tags with minimal inter-domain linkers derived from multiple cloning sites; however, these fusion proteins expressed poorly and/or lacked robust function. Here, we tested the effect of inserting additional linkers between the fusion domains. Three linkers were tested, each 17 amino acids long with different physical and chemical properties: flexible hydrophilic, rigid extended or rigid helical. In the presence of any of the three linkers, GST-Zar1 and GST-Zar2 had fewer breakdown products. Moreover, in the presence of any of the linkers, MS2-Zar1 was expressed to higher levels, and in dual luciferase tethered assays, both MS2-Zar1 and MS2-Zar2 repressed luciferase translation to a greater extent. These data suggest that for Zar fusion proteins, increasing the length of linkers, regardless of their physical or chemical properties, improves stability, expression and bioactivity.
Introduction
Gene expression during early metazoan development, from the resumption of meiosis to zygotic genome activation, is regulated at the level of maternal mRNA translational control (Farley and Ryder, 2008) . Maternal mRNAs are translationally repressed in immature oocytes and this repression is relieved at various times during early development, thus allowing mRNAs to be translated. The Zygote arrest (Zar) proteins, Zar1 and Zar2, are among the developmentally important RNA-binding proteins that regulate translation. Female Zar1 knockout mice are grossly normal, but infertile due to a block to embryogenesis at the 1-cell stage (Wu et al., 2003) . Similarly, mouse embryos expressing a dominant negative Zar2 undergo a block to embryogenesis (Hu et al., 2010) . Xenopus Zar proteins bind to developmentally important maternal mRNAs, such as Mos and Wee1, and repress translation of mRNA reporters (Charlesworth et al., 2012; Yamamoto et al., 2013) .
Zar1 has been identified as a marker of germ cells (Pennetier et al., 2004; Nath et al., 2013) and of developmental competence (Romar et al., 2011; Jo et al., 2012; Dankert et al., 2014; Summers et al., 2014) . Zar2 has been implicated in suppression of neuralization and promotion of epidermalization in Xenopus embryos (Nakajima et al., 2009) . Additionally, Zar1 has been shown to be misexpressed in tumors and Zar2 is implicated in gene expression in breast cancer cells (Misra et al., 2010; Shinojima et al., 2010) . Therefore, Zar proteins play a central role in early development and may be involved in some cancers; however, very little is known about their molecular mechanism of action.
We are developing Zar fusion protein tools to elucidate the mechanisms of Zar function in Xenopus oocytes and embryos. We commonly use a glutathione-S-transferase (GST) tag from pXen (MacNicol et al., 1997) . GST fusion proteins can be rapidly purified using immobilized glutathione (Smith and Johnson, 1988) and commercially available antibodies allow specific western blots (WBs). We also commonly use an MS2 tag, which is the coat protein from the MS2 bacteriophage that binds to specific sequences in the RNA genome (Johansson et al., 1997) . This property is exploited in assays that artificially tether MS2-fusion proteins to RNA (SenGupta et al., 1996; Coller et al., 1998; Gray et al., 2000; Keryer-Bibens et al., 2008) . In our studies to elucidate the mechanisms of action of Zar1 and Zar2, we have been stymied by poor expression and heterogeneous sizes of Zar fusion proteins, as well as weak effects in functional assays. Because Zar1 and Zar2 are novel vertebrate proteins with no recognizable domains (Yamamoto et al., 2013) , preexisting knowledge on the construction of Zar fusion proteins is nonexistent.
Linkers between recombinant fusion domains are crucial for protein folding, stability and bioactivity, and yet are often overlooked (Chen et al., 2013) . Studies of linkers in natural proteins have been performed to inform construction of recombinant fusion proteins. George and Heringa (2002) grouped inter-domain linkers of natural proteins into three sizes: small (~4 aa), medium (~9 aa) and large (~21 aa). Large linkers tend to be rigid in their structure, either through α-helices or proline-rich random coils, and are thought to keep domains spatially apart from each other (George and Heringa, 2002) . Another study with different natural proteins found linkers that were flexible and rich in small hydrophilic amino acids (Argos, 1990) . The inter-domain linker that is present in our GST fusion proteins is~12 amino acid (aa) residues in length and extends from the original stop codon in GST (Smith and Johnson, 1988) to the multiple cloning site in pXen (MacNicol et al., 1997) . The linker is rich in serine and small amino acid residues, suggesting it is likely to be flexible (Huston et al., 1988; Argos, 1990) , and has been successful with multiple fusion proteins (e.g. MacNicol et al., 1997; Howard et al., 1999; Charlesworth et al., 2000 Charlesworth et al., , 2006 . The linkers in our MS2-fusion proteins are 3-6 aa, similar to small natural linkers, and linkers of similar size have been shown to separate domains successfully (Maeda et al., 1996; Zhao et al., 2008) . However, some fusion proteins retain best activity when a rigid linker is used rather than a flexible linker (Lee et al., 2013) , or when the length of the linker is increased from 10 to 34 aa (McCormick et al., 2001) . In this study, we tested if extending the linker and/or inserting rigid linkers improved fusion protein expression and bioactivity.
Materials and Methods

Cloning and plasmid preparation
All restriction enzymes, Klenow fragment and Quick Ligase were obtained from New England Biolabs. DNA oligonucleotides were synthesized by Integrated DNA Technologies or Life Technologies. Plasmids constructed for this study are described in Supplementary Materials. Chemically competent bacteria (Hanahan et al., 1991) were prepared using OneShot Top10 Escherichia coli (Life Technologies) and transformed according to manufacturer's instructions.
All plasmids were sequenced to verify integrity using the University of Colorado Denver DNA Sequencing and Analysis Core. For in vitro transcription, all plasmids were linearized with PstI unless otherwise noted. 5′-Capped RNA was synthesized in vitro with SP6 mMessage mMachine transcription kit (Life Technologies). RNA quality was assessed using gel electrophoresis. Nucleotide and amino acid sequence alignments were performed with MacVector 11.1.2.
Oocyte isolation, culture and microinjection
Adult female Xenopus laevis (Nasco) were housed and sacrificed according to internationally recognized guidelines and with the approval of the University of Colorado Denver Institutional Animal Care and Use Committee. Immature oocytes, arrested in prophase of meiosis I, were isolated and cultured as has been described (Machaca and Haun, 2002) . All incubations were carried out in 0.5X L-15 (MediaTech, Inc.) with penicillin (100 mg/ml) and streptomycin (50 mg/ml). Dumont stage VI (Dumont, 1972) oocytes were selected and injected with 23 nl of the appropriate mRNA using a Drummond NanoInject II microinjector. Where indicated, immature oocytes were induced to mature with 2 μM progesterone. Maturation is the re-entry into, and progression through, the meiotic cell cycle until the arrest at metaphase of meiosis II, when mature oocytes are competent for fertilization. Immature samples were time-matched to progesterone-treated samples (Charlesworth et al., 2012) .
MS2-tethered assay
The tethered assay design and luciferase constructs have been described (Charlesworth et al., 2012) . Oocytes were injected with 1-50 ng mRNA for the MS2-fusion protein and incubated at 18°C for 16-24 h to allow protein expression. Oocytes were then injected with a mixture of luciferase mRNAs encoding the firefly translation reporter (100 pg) and the Renilla loading control (5 pg) and incubated at 18-24°C to allow for translation of luciferases. In some experiments, half the oocytes were administered progesterone to induce maturation, and both immature and mature oocytes were collected at the same time, at least 3 h after progesterone-treated oocytes reached germinal vesicle breakdown (GVBD). Each sample consisted of pools of five oocytes lysed in duplicate in 250 μl passive lysis buffer (Promega). Of the note, 10 μl of cleared lysate was used in the Dual Luciferase Reporter Assay (Promega) according to manufacturer's instructions and samples were analyzed using a Synergy HT plate reader (BioTek).
Firefly luciferase was first normalized to the Renilla loading control. Then that luciferase ratio was normalized to MS2 alone, which was arbitrarily set to 100%. To get translational repression, the value of the normalized luciferase ratio was subtracted from 100.
Western blot
Pools of 5-10 oocytes were collected from each sample and lysed in 10 μl/oocyte of NP-40 lysis buffer (1% Igepal CA-630, 20 mM Tris pH 8.0, 137 mM NaCl, 10% glycerol, 2 mM EDTA) supplemented with protease and phosphatase inhibitors (HALT, Pierce). Of the note, 5 or 10 μl of cleared lysate (0.5 or 1 oocyte equivalent, respectively) was loaded onto a NuPage Bis-Tris polyacrylamide gel (Life Technologies). Electrophoresis was performed using MOPS-SDS running buffer (Life Technologies), then transferred to 0.45 μm Immobilon-FL PVDF membrane (Millipore) using an XCell II Blot Module (Life Technologies) according to manufacturer's instructions.
Membranes were probed with antibodies against: MS2 (TetraCore), GST (Santa Cruz Biotechnology), β-Tubulin (Sigma), Zar1 (Yamamoto et al., 2013) or Zar2 (Charlesworth et al., 2012) . Secondary antibodies were 1:20 000 goat anti-rabbit IR Dye 800CW and goat anti-mouse IR Dye 680LT (LiCor). Membranes were imaged on an Odyssey infrared imager and data were analyzed using Odyssey 2.1 software (LiCor).
To calculate the proportion of GST fusion protein in breakdown products, GST westerns were quantified. The proportion cleaved was determined by dividing the signal from breakdown product bands over the total observable fusion protein-dependent signal. To calculate the proportion of MS2-fusion protein remaining in mature oocytes, the band representing the MS2-fusion protein was quantified in both immature and progesterone-treated samples. The ratio of MS2-fusion protein in progesterone-treated oocytes to protein in immature oocytes was calculated and reported as proportion remaining.
Results
Fusion proteins containing full-length Zar1 are unstable, have low expression and lack bioactivity
To study Zar1, we fused it to GST (Fig. 1A , left). Immature Xenopus oocytes were either not injected (uninjected, UI), or injected with 1.5 ng of RNA encoding GST or 20 ng of RNA encoding GST-Zar1. Oocytes were incubated overnight to express the protein, then lysed and the fusion proteins analysed by WB (Fig. 1B) . Exogenous GST-Zar1 fusions were heterogeneous in size, with one band running at the predicted full-length size and one band running slightly smaller than GST alone, indicative of breakdown products. As the smaller band was a significant proportion of the total exogenous protein expression, this suggests that the GST-Zar1 fusion protein was relatively unstable.
In parallel studies, we fused full-length Zar1 to MS2 for use in the tethered assay (Gray et al., 2000; Minshall et al., 2010) (Fig. 1A, right) . Because the RNA-binding domain of Zar1 is at the C-terminus (Yamamoto et al., 2013) , we chose to put the RNAbinding MS2 domain C-terminal of Zar1. In the tethered assay, Zar1 was tethered, via MS2, to stem-loops in the 3′ untranslated region of the luciferase reporter mRNA, and the effects on translation assessed by measuring the amount of luciferase enzyme that accumulated. Immature oocytes injected with 20 ng of RNA encoding MS2-Xp54, a known translational repressor (Minshall et al., 2001) , or with 50 ng of Zar1-MS2 were left overnight (16-20 h) to express the proteins. All oocytes were then injected with RNA encoding firefly and Renilla luciferases and left (10-12 h) for luciferase proteins to accumulate. Oocytes were lysed and lysates analyzed by WB (Fig. 1C,  left) . Zar1-MS2 expression levels were much lower than MS2-Xp54, although there were no obvious breakdown products as for GST fusion proteins (not shown). Lysates were also analyzed for luciferase activity and the amount of translational repression determined as described in Materials and Methods (Fig. 1C, right) . MS2-Xp54 inhibited translation of a luciferase reporter by 60% in Xenopus oocytes, whereas Zar1 repressed translation by only 20%. This was even less than previous studies that utilized the N-terminal domains of Zar1 (N-Zar1-MS2) and Zar2 (N-Zar2-MS2), where repression was 30-40% (Charlesworth et al., 2012 , Yamamoto et al., 2013 . Note that in these earlier studies, 50-100 ng of RNA encoding N-Zar1-MS2 needed to be injected to see an effect, compared to 20 ng of RNA encoding N-Zar2-MS2. Even so, N-Zar1-MS2 protein expression was still lower than N-Zar2-MS2. The data in Fig. 1 show that full-length Zar1, whether fused to GST or MS2, expressed poorly and lacked function.
Linkers with different properties were used to separate the fusion tag from Zar1
We suspected that folding of Zar1 fusion proteins might be an issue. In other studies, we were purifying Zar2 from a GST-Zar2 fusion protein by cleaving with PreScission protease (GE Healthcare). Even though GST was cleaved from Zar2, the removal of Zar2 from the glutathione column failed (Yamamoto and Charlesworth, unpublished results) . We suspected that Zar2 and GST were folded together, or otherwise interacting with each other, and hypothesized that the GST and Zar2 (and, by extrapolation, Zar1) domains should be spatially separated for proper folding and function.
Several types of linkers are commonly used in protein engineering (Chen et al., 2013) . Rigid linkers can be proline dipeptide repeats based on (AP) n sequence (Bhandari et al., 1986; McCormick et al., 2001) , here called 'AP', or α-helical based on A(EAAAK) n A sequence (Arai et al., 2001) , here called 'EK.' Flexible hydrophilic linkers can be made of small amino acids based on (GGGGS) n sequence (Huston et al., 1988) , here called 'GS.' Many successful linkers are between 10 and 20 aa (Huston et al., 1988; Lu and Feng, 2008; Bergeron et al., 2009; Lee et al., 2013) , although some fusion proteins have maximal activity with very long linkers (30-50 aa) (Maeda et al., 1997; McCormick et al., 2001; Amet et al., 2009) . We used linkers based on the three described linker sequences, each 17 amino acid residues in length (Fig. 2) . For GST fusions, the new linkers were inserted into the multiple cloning site of pXen, thus adding 17 aa into the remaining 9 aa making a total linker length of 26 aa. For the MS2 fusions, the 17 aa of the linkers was inserted into the remaining multiple cloning site to give a final linker length of 23 aa.
Insertion of additional inter-domain linkers increases the stability of GST-Zar1
The new fusion constructs were tested for their expression profile. Oocytes were either not injected (UI), or injected with RNA encoding GST-Zar1 (the original construct from Fig. 1) or the new GST-APZar1, GST-EK-Zar1 or GST-GS-Zar1. Oocytes were incubated overnight to express the proteins, then lysed and lysates analyzed by WB (Fig. 3A) . As in Fig. 1 , in oocytes expressing GST-Zar1, there was a much smaller size band present, which was a significant proportion of the total exogenous protein. In contrast, for new fusion proteins with the inter-domain linkers, breakdown products detected with GST antibodies were less abundant. The relative distribution of the GST moiety between full-length fusion protein and breakdown products was measured and plotted (Fig. 3B) . A smaller proportion of the new fusion proteins with inter-domain linkers accumulated as breakdown products. The data suggest that insertion of linkers stabilized GSTZar1, thereby reducing breakdown products.
Insertion of inter-domain linkers increases the translational repression by Zar1
Next, the effect of the linkers on bioactivity was determined. MS2-tethered assays were performed with the old and new constructs. Of the note, 50 ng of RNA encoding the fusion proteins was injected into oocytes and incubated overnight for expression. Luciferase mRNAs were injected and incubated 10 h, then oocytes were lysed, and MS2-fusion protein levels (Fig. 4A ) and luciferase activities (Fig. 4B) were measured. As in Fig. 1 , the original Zar1 fusion protein was expressed at low levels. In contrast, the new fusion proteins were more highly expressed, even though the same amount of RNA was injected (Fig. 4A) . The activity assay was consistent with the expression levels: Whereas the original Zar1-MS2 fusion repressed translation by~20-30%, the new Zar1 fusion proteins with interdomain linkers repressed translation by~50% (Fig. 4B) , which was comparable to Xp54-mediated repression. All new fusion proteins repressed translation of luciferase mRNA to similar levels, regardless of which linker was present.
Next, a dose response was performed to determine the optimal conditions for the new MS2-Zar1 fusion proteins (Fig. 4C) . When 1-3 ng of fusion mRNA was injected, little or no repression was observed for any of the fusion proteins tested. When 50 ng of RNA was injected, all fusion proteins showed 40-50% repression, indicating that the dose responses of all fusion proteins were similar.
Data from Figs. 3 and 4 suggest that for Zar1, any form of separation of the fusion domains was important and the exact properties of the inter-domain linkers was a secondary consideration. For subsequent experiments in this study, we chose to use the alanineproline (AP) rigid linker as that construct repressed translation the most at the lowest amounts of RNA injected and gave slightly more consistent results in the dose response (Fig. 4C) . Moreover, in theory, the rigid linker would physically hold the domains apart, and the lack of charged residues (as in the EK linker) may be less likely to interfere with RNA-binding properties in ongoing studies with the GST-Zar1 fusion proteins.
Insertion of an inter-domain linker increases the stability of Zar1 fusion proteins during the meiotic cell cycle
A common model for RNA-binding proteins in early development is to repress translation in immature oocytes and to then relieve that repression during meiotic maturation or embryogenesis. The closely related Zar2 has already been shown to relieve repression during meiotic maturation (Charlesworth et al., 2012; Yamamoto et al., 2013) . Therefore, the function of MS2-AP-Zar1 fusion protein during oocyte maturation was determined, as it had the best repression in immature oocytes (Fig. 4C) . Immature oocytes were injected with RNA encoding MS2-fusion proteins and oocytes incubated overnight to express the proteins. Oocytes were then injected with the luciferases and then half the oocytes were treated with progesterone to stimulate maturation. Meiotic maturation was assessed by the presence of white spots in the brown animal pole, signifying GVBD, which is when the nuclear envelope breaks down in pro-metaphase of meiosis I. Both untreated and progesterone-treated oocytes were lysed 3 h after most progesterone-treated oocytes had undergone GVBD, which is considered to be metaphase of meiosis II. The amounts of MS2-fusion protein expressed, and of endogenous Zar1, were assessed by WB (Fig. 5A, left) . WBs from several experiments were quantified and the amount of protein present in mature oocytes was measured and expressed as a ratio of the amount in immature oocytes (Fig. 5A, right) . Endogenous Zar1 is stable during meiotic maturation ( Fig. 5A and Yamamoto et al., 2013) . However, in mature oocytes the old Zar1-MS2 protein decreased compared to immature oocytes, suggesting it had been degraded. In contrast, the new MS2-AP-Zar1 protein levels remained constant before and after maturation, similar to endogenous Zar1.
We then tested the effects of Zar1-mediated translational repression during maturation (Fig. 5B) . The old MS2-Zar1 did not repress very well in immature oocytes and this did not change much during maturation. However, as Fig. 5A shows that the fusion protein was degraded at this time, it would be hard to interpret any result here anyway. In contrast, the new MS2-AP-Zar1 showed robust repression in immature oocytes, which was reduced during meiotic maturation (Fig. 5B) . Thus, Zar1-mediated repression is relieved in mature oocytes.
Insertion of inter-domain linkers improves the stability of Zar2 fusion proteins
Similar to the old GST-Zar1 (Fig. 1) , GST-Zar2 protein expression was also heterogeneous, with a large proportion of the exogenous fusion protein being too small (Fig. 6A) . After insertion of linkers, the proportion of exogenous GST-Zar2 found in breakdown products was smaller (Fig. 6A) .
Zar2-MS2 fusion proteins have generally expressed well and repressed translation of luciferase reporters (Charlesworth et al., 2012; Yamamoto et al., 2013) . However, we inserted the interdomain linkers into MS2-fusion proteins to test if they provided any benefits (Fig. 6B) . Any effects on MS2 protein expression and/or function were small. As for Zar1, all three linkers performed similarly in Zar2 fusions. To further test the fusion proteins with linkers, a dose response was performed (Fig. 6C) . Again, there was little difference between the different linkers, but as repression by MS2-AP-Zar2 was slightly higher at the lower RNA amounts, we have chosen that construct for our future studies. Moreover, as 30 and 50 ng MS2-AP-Zar2 performed similarly, we are now using 30 ng of RNA in our experiments rather than 50 ng. Together, the data in Fig. 6 show that insertion of inter-domain linkers had small but beneficial effects on Zar2 fusion proteins.
Discussion
We embarked upon this study because our experiments investigating the mechanism of action of Zar proteins were hindered due to poor expression, stability and biological function. One approach to improve our studies was to test the effect of inserting flexible hydrophilic, rigid extended or rigid helical inter-domain linkers between the protein tag (GST or MS2) and the Zar1 or Zar2 open reading frame. Each inter-domain linker tested improved expression, stability and/or function of Zar fusion proteins. Because improvements were similar for all linkers, this argues against attributing the improvements to the specific physical and chemical properties of the linker. The rigidity or flexibility of the linker did not appear to be important for Zar fusion proteins. Rather, improvements were more likely to be the result of proper separation of domains due to appropriately long linkers.
Improved expression and function of fusion protein tools has allowed us to move forward in our mechanistic and physiological studies. Accordingly, this is the first time full-length Zar1 and Zar2 have been shown to repress translation. Because we can now measure Zar1-mediated repression in immature oocytes, for the first time, we have been able to detect relief of repression during meiotic maturation. Because the MS2-AP-Zar1 protein levels are stable, like endogenous Zar1 protein levels, this suggests that relief of repression is due to a change in function of the Zar protein. This also shows that we can now start new studies to detect the influence of cellular signal transduction pathways that are active during the meiotic cell cycle on Zar proteins.
In previous experiments, we have used GST-Zar fusion proteins in co-purification assays to identify proteins that interact with Zar. However, we have tended to find that the breakdown products that are recognized by the GST antibody have better affinity for glutathione than the full-length fusion protein, thereby increasing the background signals from nonspecific proteins that co-purify with the GST moiety. Insertion of the inter-domain linkers reduced the amount of breakdown products and has reduced the background in ongoing purification studies.
In the past we have had to inject up to 100 ng of RNA encoding Zar1 fusion proteins to see any effects. However, these levels of RNA are borderline toxic and in complex assays, additional RNA has to be injected that encodes other fusion proteins or reporter constructs, adding to the potential for toxicity. Insertion of the inter-domain linkers into Zar1 and Zar2 fusion proteins, has allowed us to inject RNA as low as 30 ng and still see robust expression and bioactivity.
It has been noted previously that lack of fusion protein function in a tethered assay does not necessarily mean that the protein of interest does not regulate translation, but may be due to artifacts of construction such as an inappropriate inter-domain linker (Minshall et al., 2010) . Increases in tethered protein effectiveness have been observed after the hemagglutinin epitope was used to separate MS2 and the protein of interest, with improvements being attributed to an increase in expression (Minshall et al., 2010) or to better protein folding (Kim et al., 2005) . In our case, it would appear that increase in Zar1 function in the tethered assay, by insertion of linkers, is likely to be due mostly to an increase in expression. Evidence that Zar1 is folded properly in the presence of linkers, is that translational repression is relieved during oocyte meiotic maturation. This suggests interaction with regulatory pathways, which is consistent with the function of an RNA-binding protein that regulates maternal mRNAs during early development.
A surprising finding was that inclusion of longer inter-domain linkers improved function of Zar1 fusion proteins to a much greater extent than of Zar2 fusions. Even though the two Zar proteins are very similar, the old Zar1-MS2 fusion proteins are much more unstable than the old Zar2-MS2 fusion proteins, for both full-length and N-terminal Zar truncations. Interestingly, the linkers for Zar1 fusions were 3-4 aa, whereas the linkers for Zar2 fusions were 5-6 aa, correlating with worse and better expression and activity, respectively. This suggests that a minimal linker of 5 aa may be adequate for expression of MS2-fusion proteins. Similarly, for a human serum albumin and interferon-α2b fusion protein, it was shown that a linker of 5 aa was sufficient to maintain fusion protein activity, whereas a linker of 2 aa was not (Zhao et al., 2008) . Even so, we show here that further increases in bioactivity can be obtained with longer linkers.
In contrast to MS2-fusion proteins, the old GST-Zar fusion proteins contained linkers of~12 aa, but this sized linker was not adequate in the context of GST as these fusion proteins demonstrated significant expression and stability problems. The inclusion of longer linkers improved stability of the GST constructs, suggesting that effects of fusion protein architecture need to be empirically tested for each unique fusion protein.
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